Recently protein kinases have emerged as some of the most promising drug targets; and therefore, pharmaceutical strategies have been developed to inhibit kinases in the treatment of a variety of diseases. CK2 is a serine/ threonine-protein kinase that has been implicated in a number of cellular processes, including maintenance of cell viability, protection of cells from apoptosis, and tumorigenesis. Elevated CK2 activity has been established in a number of cancers where it was shown to promote tumorigenesis via the regulation of the activity of various oncogenes and tumor suppressor proteins. Consequently the development of CK2 inhibitors has been ongoing in preclinical studies, resulting in the generation of a number of CK2-directed compounds. In the present study, an unbiased evaluation of CK2 inhibitors 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz), and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) was carried out to elucidate the mechanism of action as well as inhibitor specificity of these compounds. Utilizing a chemoproteomics approach in conjunction with inhibitor-resistant mutant studies, CK2␣ and CK2␣ were identified as bona fide targets of TBB, TBBz, and DMAT in cells. However, inhibitor-specific cellular effects were observed indicating that the structurally related compounds had unique biological properties, suggesting differences in inhibitor specificity. Rescue experiments utilizing inhibitor-resistant CK2 mutants were unable to rescue the apoptosis associated with TBBz and DMAT treatment, suggesting the inhibitors had off-target effects. Exploitation of an unbiased chemoproteomics approach revealed a number of putative off-target inhibitor interactions, including the discovery of a novel TBBz and DMAT (but not TBB) target, the detoxification enzyme quinone reductase 2 (QR2). The results described in the present study provide insight into the molecular mechanism of action of the inhibitors as well as drug specificity that will assist in the development of more specific next generation CK2 inhibitors.
Recently protein kinases have emerged as some of the most promising drug targets; and therefore, pharmaceutical strategies have been developed to inhibit kinases in the treatment of a variety of diseases. CK2 is a serine/ threonine-protein kinase that has been implicated in a number of cellular processes, including maintenance of cell viability, protection of cells from apoptosis, and tumorigenesis. Elevated CK2 activity has been established in a number of cancers where it was shown to promote tumorigenesis via the regulation of the activity of various oncogenes and tumor suppressor proteins. Consequently the development of CK2 inhibitors has been ongoing in preclinical studies, resulting in the generation of a number of CK2-directed compounds. In the present study, an unbiased evaluation of CK2 inhibitors 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz), and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) was carried out to elucidate the mechanism of action as well as inhibitor specificity of these compounds. Utilizing a chemoproteomics approach in conjunction with inhibitor-resistant mutant studies, CK2␣ and CK2␣ were identified as bona fide targets of TBB, TBBz, and DMAT in cells. However, inhibitor-specific cellular effects were observed indicating that the structurally related compounds had unique biological properties, suggesting differences in inhibitor specificity. Rescue experiments utilizing inhibitor-resistant CK2 mutants were unable to rescue the apoptosis associated with TBBz and DMAT treatment, suggesting the inhibitors had off-target effects. Exploitation of an unbiased chemoproteomics approach revealed a number of putative off-target inhibitor interactions, including the discovery of a novel TBBz and DMAT (but not TBB) target, the detoxification enzyme quinone reductase 2 (QR2). The results described in the present study provide insight into the molecular mechanism of action of the inhibitors as well as drug specificity that will assist in the development of more specific next generation CK2 inhibitors. Molecular & Cellular Proteomics 7:1077-1088, 2008.
Targeting protein kinases for therapeutic applications has become a rapidly evolving field with a number of successful inhibitors in clinical studies or approved for treatment of various cancers. Loss of regulation of protein kinase activity has been identified as a key event in the development of cancer and has therefore become an avenue of intense research. Specifically the success of targeted therapies such as Gleevec (imatinib) for the treatment of chronic myelogenous leukemia has provided a model for the development of novel inhibitors targeting a wide variety of protein kinases (1) . Recently protein kinases have emerged as some of the most promising drug targets, representing as much as 20% of the "druggable" genome (2, 3) . Ongoing preclinical studies targeting serine/threonine kinases have been carried out demonstrating the potential of kinase inhibitors as anticancer therapeutics, including the study of protein kinase CK2.
CK2 (formally known as casein kinase II) is a ubiquitously distributed, constitutively active serine/threonine kinase implicated in multiple cellular processes, including cell survival, protection of cells from apoptosis, and tumorigenesis (4) . Elevated CK2 activity has been documented in a number of cancers where high CK2 activity has been correlated with aggressive tumor behavior (5) . Detailed studies have been carried out to elucidate the molecular mechanism of CK2 in tumorigenesis, demonstrating that increased CK2 activity promotes a number of pathways participating in the development of cancer (6, 7) . Proposed modes of action of CK2 in tumorigenesis are through the regulation of key oncogenes and tumor suppressor proteins within various prosurvival pathways including the Wnt (8), nuclear factor-B (9), and phosphatidylinositol 3-kinase pathways (10) . Regulation of oncogene and tumor suppressor proteins by CK2 phosphorylation has been shown to influence susceptibility to proteosome degradation, protect proteins from caspase-mediated cleavage, and alter the protein activity (11) . Taken together, elevated CK2 activity promotes a prosurvival signal in cancer by facilitating the transcription, activation, or stability of on-cogenes and antiapoptotic proteins while repressing tumor suppressor activity through increased proteosome degradation. Recently an antiapoptotic role of CK2 has emerged as a number of substrates were identified that exhibited protection from caspase cleavage following CK2 phosphorylation (12) (13) (14) (15) (16) . Consequently CK2 has emerged as a promising target for therapeutic intervention in the treatment of cancer.
Development of specific ATP-competitive protein kinase inhibitors has been historically difficult as many cellular proteins utilize ATP as a substrate; however, exploitation of unique structural aspects of kinases has provided an avenue to develop highly selective inhibitors. A number of ATP-competitive inhibitors have been developed to target CK2 based on the solved crystal structure, which shows unique structural properties that distinguish CK2 from the majority of other kinases (17) . Most notably, CK2 was found to have a relatively small ATP binding pocket, compared with other protein kinases, due to the presence of large bulky residues that are essential for ATP binding. Exploitation of these distinctive bulky residues within the ATP binding pocket has provided opportunities to develop highly selective CK2 inhibitors. Based on the structure of a known CK2 inhibitor, 5,6-dichlorobenzimidazole ribofuranoside, a novel compound 4,5,6,7-tetrabromo-1H-benzotriazole (TBB) 1 was engineered (18) that displayed a high affinity for CK2 due to strong hydrophobic and Van der Waals interactions with the large bulky residues in the ATP binding pocket (Fig. 1) . TBB exhibited high selectivity for CK2 in a panel of 30 kinases; however, there were a handful of kinases that were sensitive to the inhibitors, including DYRK1a (dual specificity tyrosine phosphorylation-regulated kinase 1a), which was inhibited to nearly the same extent as CK2, whereas glycogen synthase kinase ␤, CDK2, and phosphorylase kinase were inhibited to a lesser extent. Therefore, strategies to improve the selectivity of the inhibitors were undertaken focusing on generating compounds that had improved interaction with the unique bulky residues. Utilizing the TBB backbone as a scaffold, two next generation derivatives were engineered, 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz) and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) (19, 20) . In vitro studies testing the efficacy of DMAT showed that substitution of the imidazole ring and the addition of bulky constituents resulted in a higher affinity and selectivity toward CK2 with a K i value of 40 nM. In this study, an unbiased evaluation of TBB and related CK2 inhibitors utilizing chemoproteomics was carried out to investigate the potential of the inhibitors as anticancer therapeutics. A detailed study of the specificity of the CK2 inhibitors TBB, TBBz, and DMAT for CK2 as well as the cellular effects associated with each inhibitor was carried out. Differences between inhibitors in the induction of apoptosis were observed following treatment of HeLa cells with TBB, TBBz, or DMAT, indicating that the inhibitors have unique biological properties as well as revealing the potential for off-target effects. Therefore, rescue experiments utilizing inhibitor-resistant CK2 mutants were used to investigate the specificity of 1 The abbreviations used are: TBB, 4,5,6,7-tetrabromo-1H-benzotriazole; TBBz, 4,5,6,7-tetrabromo-1H-benzimidazole; DMAT, 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole; PBST, PBS with Tween 20; TBST, TBS with Tween 20; HA, hemagglutinin; PARP, poly(ADP-ribose) polymerase; HRP, horseradish peroxidase; 2D, twodimensional; ANOVA, analysis of variance; FACS, fluorescence-activated cell sorting; QR2, quinone reductase 2. the inhibitors, particularly whether the apoptosis associated with drug treatment was CK2-dependent. The inability to rescue TBBz-and DMAT-induced apoptosis with the resistant mutants prompted a systematic characterization of inhibitor protein targets utilizing a chemoproteomics approach.
MATERIALS AND METHODS
Cell Culture and Transfections-HeLa and U2OS cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen) on 10-or 15-cm plates (Falcon). HeLa and U2OS cells were transfected with either wild type CK2␣/␣Ј, inhibitor-resistant CK2␣R/␣ЈR, or kinase-inactive CK2␣Ј-KD in addition to CK2␤/CK2␤6KR using calcium phosphate with a transfection efficiency of Ͼ80%. Cells were treated with TBB (Calbiochem), TBBz (Sigma), or DMAT (Calbiochem) at a final concentration of 8 -25 M for 6, 12, 18, and 24 h. Microscopy images were captured on an inverted microscope (Axiovert S25, Zeiss) using a mounted digital camera (QiCAM, QImaging). HeLa S3 suspension cells were cultured in minimum Eagle's medium (Sigma) containing 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were grown to confluency and harvested for use in chemoproteomics experiments.
Cloning of CK2␣R and CK2␣ЈR-Inhibitor-resistant CK2 mutants were engineered using a QuikChange II site-directed mutagenesis kit (Stratagene). Human CK2␣-HA pRc/CMV was PCR-amplified to make the V66A mutation (mutations are shown in bold) using the primer 5Ј-GAAAAAGTTGCAGTTAAAATTC-3Ј and the I174A mutation using 5Ј-GCTACGACTAGCAGACTGGGGTTTGGC-3Ј. Human HA-CK2␣Ј pRc/CMV was PCR-amplified to make the V67A mutation using the primer 5Ј-ATGAGAGAGTGGCTGTAAAAATCCTGA-3Ј and the I175A mutation using 5Ј-AAGCTGCGACTGGCAGATTGG-GGTCTG-3Ј.
Flow Cytometry-HeLa cells were trypsinized at 18 h following treatment with 8 or 25 M CK2 inhibitors. Cells were washed in ice-cold PBS and filtered using a cell strainer (VWR) to obtain single cell suspensions. Cells were fixed by the addition of ice-cold 95% ethanol and stored at Ϫ20°C. Cells were then washed in PBS, and the DNA was stained with PI staining solution (50 g/ml propidium iodide (Sigma), 0.1% sodium citrate, 0.1% Triton X-100, and 100 g/ml RNase A) in the dark for 1 h at 37°C. Cells were diluted with PBS to 1 ml and analyzed by flow cytometry (FACSCalibur). Spectra and statistics representing the amount of DNA in different cell cycle stages were prepared using FlowJo flow cytometry analysis software.
Western Analysis-HeLa and U2OS cells were harvested from 10-and 15-cm plates (Falcon) in lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1.0% Triton-X-100, 0.5% Nonidet P-40, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin, and 1 mM PMSF. Lysates were sonicated, and protein concentrations were determined by BCA assay. Proteins were resolved by 12% SDS-PAGE followed by transfer to PVDF membranes (Roche Applied Science). Membranes were blocked with 5% BSA, PBST; 5% BSA, TBST; or 5% nonfat milk, TBST for 1 h followed by an overnight incubation at 4°C with the primary antibody in 5% BSA, TBST or 5% nonfat milk, TBST. Membranes were probed with primary antibodies including: antipoly(ADP-ribose) polymerase (PARP) (1:1000) (Cell Signaling Technologies), anti-HA 3F10 (1:100) (Roche Applied Science); anti-cMyc 9E10 (1:10,000) (Berkeley Antibody Co.), ␤-tubulin (1:100) (Sigma); HSP90 (1:5000) (Santa Cruz Biotechnology), anti-CK2␣ (1:5000) polyclonal antiserum directed against the C-terminal synthetic peptide ␣-(376 -391), and anti-CK2␣Ј (1:5000) polyclonal antiserum directed against the C-terminal synthetic peptide ␣Ј-(333-350). Membranes were washed with PBST or TBST and then incubated with appropriate secondary antibodies including: HRPconjugated goat anti-rabbit (Bio-Rad) (1:2000 for PARP and 1:25,000 for HSP90, CK2␣, and CK2␣Ј antibodies), HRP-conjugated goat anti-mouse (Bio-Rad) (1:1000 for ␤-tubulin), and HRPbiotin (Jackson ImmunoResearch Laboratories) (1:10,000 for HA 3F10 and c-Myc 9E10). Following secondary antibody incubation, membranes were washed with PBST or TBST and visualized by ECL (Amersham Biosciences). X-ray film (Eastman Kodak Co.) was developed and converted to a digital image using a CanoScan N650U/N656U scanner. Images were visualized in Adobe Photoshop CS.
Immunoprecipitations-HeLa cells were co-transfected with wild type CK2␣-HA or inhibitor-resistant CK2␣R-HA, myc-CK2␤, and EGFP-C2 using calcium phosphate with a transfection efficiency of Ͼ80%. Following transfection, cells were treated with DMSO and 8 M TBB, TBBz, or DMAT for 18 h. To test the ability of CK2␣ЈR to rescue inhibitor-dependent changes, U2OS cells were co-transfected with HA-CK2␣Ј-wt or HA-CK2␣R and myc-CK2␤ and then treated with 25 M DMSO or DMAT for 12 h. Cell lysates were prepared in RIPA lysis buffer (150 mM NaCl, 50 mM Tris (pH 7.5), 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, and 1 mM EDTA), and the protein concentration was determined by BCA assay (Pierce). Equal amounts of protein were incubated with 20 l of 50% protein ASepharose beads (Amersham Biosciences) and 1-5 g of 12CA5 HA antibody (Roche Applied Science). Following a 1-h incubation tumbling at 4°C, protein A-Sepharose beads were isolated by centrifugation and washed extensively. Beads were then incubated in SDS loading buffer, boiled for 5 min, and centrifuged briefly to remove beads. Proteins were resolved by 12% SDS-PAGE and transferred to a PVDF membrane followed by Western blot analysis. Membranes were probed with biotinylated anti-HA 3F10 and anti-c-Myc 9E10 antibodies.
ATP-Sepharose Affinity Chromatography-HeLa S3 cells cultured in 1-liter spinner flasks were lysed in buffer A (150 mM NaCl, 50 mM HEPES, 10 mM MgCl 2 , 1% Nonidet P-40, 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mM dithiothreitol) and incubated on ice for 10 min. Lysates were sonicated and subjected to centrifugation at 80,000 ϫ g for 30 min at 4°C. Equal volumes of lysates were incubated with DMSO and either 1 M TBBz or 100 M TBB, TBBz, or DMAT for 2 h with gently rocking at 4°C. ATP-Sepharose beads (as described earlier (21)) were then added to the lysates containing the inhibitors and incubated at 4°C for 15 min to allow for binding. ATP-Sepharose beads were isolated by centrifugation and washed extensively with 100 column volumes of buffer A followed by a wash with 1 M NaCl buffer A, and finally beads were equilibrated with buffer A. Equilibrated ATP-Sepharose beads were then incubated in 2D lysis buffer for 15 min with gentle rocking at 4°C. Protein concentrations were determined by Bradford assay. Equal concentrations of protein from each treatment were resolved by one-dimensional and 2D gel electrophoresis.
2D Gel Electrophoresis-Following inhibitor treatment, cells were harvested from 15-cm plates using PBS-EDTA and collected by centrifugation. Proteins were purified via TRIzol extraction according to Lysis and Protein Extraction from 32 P-Labeled WEHI Cells with TRIzol Isolation Reagent, AfCS Procedure Protocol ID PP00000155. Purified proteins were resuspended in 2D lysis buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 1 mM benzamidine, 2.5 mg/ml leupeptin, 20 g/ml pepstatin, 10 g/ml aprotinin, 1 mM DTT, 200 mM Na 3 VO 4 , 100 M microcystin, and 0.5% (v/v) Ampholines pI 4 -7 buffer (Amersham Biosciences). Protein concentrations were determined by Bradford assay (Bio-Rad). Protein samples (150 -250 g) were mixed with rehydration buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 50 mM DTT, 0.5% Ampholines, and bromphenol blue and then applied to Immobiline Dry strips (Amersham Biosciences) (7 cm, pI 4 -7 or 13 cm, pI 3-10) in ceramic strip holders (Amersham Biosciences). The first dimension isoelectric focusing was carried out using the IPGphor II (Amersham Biosciences) using the following program for the 7-cm IPG strips: rehydration step 1, 20 V for 12 h at 20°C; step 2, 100 V for 100 V-h; step 3, 500 V for 500 V-h; step 4, 1000 V for 1000 V-h; step 5, 2000 V for 2000 V-h; step 6, 4000 V for 4000 V-h; and step 7, 8000 V for 16,000 V-h. The following program was used for the 13-cm strip: rehydration step 1, 20 V for 12 h at 20°C; step 2, 100 V for 2 h; step 3, 500 V for 500 V-h; step 4, 1000 V for 1000 V-h; step 5, 2000 V for 4000 V-h; step 6, 4000 V for 8000 V-h; step 7, 6000 V for 12,000 V-h; and step 8, 8000 V for 64,000 V-h. The IPG strips were then incubated in equilibration buffer containing 10 mg/ml DTT (Sigma) followed by 25 mg/ml iodoacetamide (Sigma). The 7-cm IPG strips were then applied to a 12% SDS-polyacrylamide gel, sealed with 0.5% agarose gel, and run at 200 V for 1 h (Bio-Rad Mini-Protean 3 Dodeca Cell), whereas the 13-cm IPG strips were run on 10% SDS-polyacrylamide gels (Hoefer Inc. instruments). Following protein separation, gels were fixed and stained with SYPRO Ruby (Invitrogen) overnight at room temperature. Stained gels were washed and imaged using the Pro-XPRESS 2D Proteomic Imaging System (PerkinElmer Life Sciences).
2D Gel Electrophoresis Quantification and Analysis-Differences in protein spots between 2D gels were analyzed utilizing Phoretix 2D evolution software (TT900 S2S and PG220, Nonlinear Dynamics). Four gel images from each treatment were imported into Phoretix software, and spots were aligned using SameSpot TT900 S2S same spot analysis. The aligned images were then imported into Progenesis PG220 software for analysis of spot differences and spot intensity. Spot filtering was applied to all aligned gels to normalize for pixel intensity and area with a normalized volume value of Ͼ0.005. Statistical analysis of spot changes were performed using ANOVA, and the means were compared with a t test where p ϭ 0.05.
Sample Preparation and Mass Spectrometry-Following staining of 2D gels with SYPRO Ruby and identification of spot differences using Phoretix Evolution, spots were picked from gels manually or by the Ettan Spot Picker (Amersham Biosciences) and suspended in 50% methanol and 5% acetic acid. Trypsin digestion was performed on excised spots using the MassPREP automated digester (Waters). Peptides were lyophilized, suspended in 30% ACN, 0.1% TFA mixed with ␣-cyano-4-hydroxycinnamic acid in 50% ACN, 50% 25 mM ammonium citrate, 0.1% TFA and analyzed by MALDI MS and/or MS/MS on the 4700 proteomics analysis MALDI (TOF/TOF) instrument (Applied Biosystems). MS and/or MS/MS analysis was carried out with an m/z range of 800 -4000 Da and mass tolerance of 50 ppm with a resolution of ϳ15,000. Peptide fingerprinting was evaluated using GPS Explorer work station version 3.0 series (Applied Biosystems) in conjunction with MASCOT using an internal calibration with a minimum signal-to-noise threshold of 20, a peptide mass exclusion tolerance of 50 ppm, five minimum peaks to match, and a maximum outlier error of 15 ppm with no more than one missed cleavage. 
RESULTS

Effect of CK2 Inhibitors on Cell Viability: Evidence for Unique Modes of Drug Action
Pharmacological inhibition of CK2 has been shown to sensitize various cancer cell lines to apoptosis as well as induce apoptosis directly (19, (22) (23) (24) . A number of highly specific chemical compounds have been developed to target CK2 in cells including TBB and its derivatives, TBBz and DMAT. To further characterize the effect of these TBB-derived inhibitors on cancer cell viability, an evaluation of inhibitor-induced apoptosis was performed utilizing HeLa cells (Fig. 2A) . The cleavage of PARP was used as a biological marker of apoptosis and caspase activation. Etoposide, a known apoptotic stimulus, was used as a positive control, whereas DMSO, the drug carrier for all the inhibitors being investigated, was used as a negative control. Induction of apoptosis was evident by the production of cleaved PARP following 24 h of treatment with 25 M etoposide, TBB, TBBz, and DMAT. Interestingly the induction of apoptosis was observed following 12 h of treatment with TBBz and DMAT but not until 24 h following treatment with the same concentration of TBB. It appears that the different derivatives have varying abilities to induce apoptosis at the same concentration where TBBz and DMAT were the most potent inhibitors. The induction of apoptosis by TBBz and DMAT was further investigated, revealing a dose-dependent effect in which increasing drug concentration resulted in a more potent apoptotic response as is evident by an amplified cleavage of PARP (supplemental material).
To further characterize the biological responses of cells treated with CK2 inhibitors TBB, TBBz, and DMAT, we examined changes in protein profiles using 2D gel electrophoresis. HeLa cells were treated with 25 M TBB, DMAT, TBBz, or DMSO for 12 h and subjected to 2D gel electrophoresis, and the resultant spot changes were analyzed using 2D Phoretix software. Spots with differences between treatments were identified (spots 1-4), excised from the gels, and subjected to mass spectrometry for protein identification. Spot 1 (ϳ48 kDa), spot 2 (ϳ45 kDa), and spot 3 (ϳ25 kDa) were identified in the TBBz and DMAT (but not in TBB or DMSO) gels as Vimentin proteolytic products by MS analysis (Fig. 2B) . The fragments generated were consistent with previous findings demonstrating a caspase-dependent apoptosis where Vimentin (57 kDa) was found to be cleaved by caspases 3, 6, and 7 into fragments with molecular masses of 48, 45, and 25 kDa (25) . Keratin 18 was also identified as a proteolytic fragment (spot 4, ϳ22 kDa) present in the TBBz-and DMATtreated (but not TBB-or DMSO-treated) gels by MS analysis. The cleavage of Keratin 18 (48 kDa) by caspases 3, 6, and 7 during apoptosis has been shown in previous studies and results in the generation of proteolytic fragments, including a 22-kDa peptide (26) . Overall an analysis of the proteome of TBBz-and DMAT-treated HeLa cells provided further evidence for inhibitor-dependent apoptosis as well as suggested that the apoptosis stimulated by TBBz and DMAT was mechanistically similar, requiring caspase activation. The potent induction of apoptosis following TBBz and DMAT treatment suggests a unique mechanism of action relative to TBB.
Using Inhibitor-resistant CK2 Mutants to Test Drug Specificity
Validation of CK2 as an Inhibitor Target in Cells-The potency of a number of CK2 inhibitors to induce apoptosis in various cancer cells raises promising avenues for targeting CK2 for anti-cancer therapeutics. Studies performed in vitro utilizing CK2 inhibitors have demonstrated their high effectiveness at inhibiting CK2 kinase activity. However, the specificity and mechanism of action of these ATP-competitive inhibitors have not been systematically explored in an unbiased manner. To investigate the ability of TBB, TBBz, and DMAT to inhibit CK2 activity in cells, the autophosphorylation of CK2␤ by CK2␣/␣Ј was examined. The autophosphorylation of CK2␤ has been shown to be essential for its stability and to be a marker of assembly of CK2 tetrameric complexes. Therefore, autophosphorylated CK2␤ exists predominantly in complex with CK2␣/␣Ј in the phosphorylated form (27) (28) (29) (30) . In vitro studies testing the effectiveness of CK2 inhibitor-resistant mutants have been performed and demonstrated that the mutants are fully functional and resistant to TBB, TBBz, and DMAT (17, 24) .
To extend the analysis of the inhibitors and to validate drug specificity, HeLa cells co-expressing wild type CK2␣-HA or resistant CK2␣R-HA in addition to myc-CK2␤6KR (Myc␤) were treated with either 8 M TBBz, DMAT, or TBB as well as DMSO as a control for 18 h (Fig. 3) . The proteasome-resistant myc-CK2␤6KR mutant was used to investigate CK2 tetrameric complex formation (31) . Wild type CK2␣ and resistant CK2␣R were immunoprecipitated from treated cells, and the levels of complexed Myc␤-P i were analyzed. Consistent with previous findings, treatment of cells expressing wild type CK2 in the presence of the CK2 inhibitors resulted in the reduction of CK2␣-Myc␤-P i complex formation as compared with treatment with the drug carrier DMSO as was evident by the reduced CK2␣ and Myc␤-P i levels. Interestingly the expression of the inhibitor-resistant CK2 rescued the loss of CK2␣-Myc␤-P i complex formation as was evident by stable formation of CK2␣-Myc␤-P i complexes and increased CK2␣ and Myc␤-P i levels. Overall introduction of the inhibitor-resistant CK2␣R rescued the reduction of CK2␣ and Myc␤-P i levels in the tetrameric complex, indicating that restoration of CK2␣ kinase activity was capable of autophosphorylating CK2␤,
FIG. 2. CK2 inhibitor-dependent induction of caspase-mediated apoptosis.
A, HeLa cells treated with DMSO and either 25 M etoposide, TBB, DMAT, or TBBz for 6, 12, and 24 h were harvested, and the protein lysates were resolved by 12% SDS-PAGE. Proteins were transferred to PVDF membranes and analyzed via Western blot probing for PARP (116 kDa) and ␤-tubulin (55 kDa). Cleaved PARP, indicated on the blots as an 89-kDa band, is an indicator of apoptosis. B, HeLa cells were treated with DMSO or 25 M TBB, DMAT, or TBBz for 12 h; proteins were then purified by TRIzol extraction and run on 7-cm pI 4 -7 IPG strips for the first dimension of isoelectric focusing. Focused proteins were then run on 12% SDS-polyacrylamide gels for the second dimension followed by SYPRO Ruby protein staining. Sections from representative 2D gels are shown to illustrate changes in spot patterns between treatments. Spots 1, 2, and 3 were identified by MALDI MS as Vimentin (molecular mass, 53.7 kDa; pI 5.06) caspase cleavage products; spot 4 was identified as a Keratin 18 (molecular mass, 48.06 kDa; pI 5.34) caspase cleavage product.
thus stabilizing CK2␣-CK2␤ complex formation. Inhibitor-resistant CK2␣Ј (V67A/I175A) mutants were also shown to be capable of forming functional tetrameric complexes as well as being proficient at restoring the loss of autophosphorylation of Myc␤ associated with inhibitor treatment (supplemental material).
Overall the treatment of cells with CK2 inhibitors TBB, TBBz, and DMAT resulted in the inhibition of autophosphorylation of CK2␤ by CK2␣/␣Ј. The rescue of the autophosphorylation of CK2␤ by CK2␣R/␣ЈR validates that the inhibitors reduce CK2 kinase activity in cells that can be restored by expression of resistant CK2.
Inhibitor-resistant Mutants Are Unable to Rescue Apoptosis-A number of inhibitors of CK2 including TBB, TBBz, and DMAT have all been shown to negatively affect the viability of various cancer cell lines (19, 24, 32) . This was also observed in the present study in which treatment of HeLa cells with TBBz, DMAT, and to a lesser extent TBB induced apoptosis in a concentration-and duration-dependent manner. In rescue experiments, it was shown that TBB, TBBz, and DMAT inhibited the autophosphorylation of CK2␤ in cells that could be restored by expressing inhibitorresistant CK2 mutants.
To test whether the apoptotic response associated with TBB, DMAT, and TBBz was due to inhibition of CK2 activity, rescue experiments utilizing inhibitor-resistant CK2 were carried out. HeLa cells expressing CK2␣R and CK2␣ЈR were treated with DMSO or 8 M TBB, DMAT, or TBBz for 18 h, and apoptosis was determined by assaying for cleaved PARP by Western blot (Fig. 4A) and by calculating the percentage of cells in the sub-G 0 /G 1 population via FACS (Fig. 4B) . Interestingly cells expressing the inhibitor-resistant forms of CK2 still showed evidence of apoptosis following treatment with TBBz or DMAT, as indicated by the presence of cleaved PARP as well as a large percentage of cells in the sub-G 0 /G 1 population, compared with DMSO controls. By comparison no apoptosis was observed in TBB-treated cells either with or without expression of resistant CK2. Overall this evidence suggests that the apoptosis associated with TBBz and DMAT was not exclusively due to loss of CK2 activity as restoration via expression of inhibitor-resistant mutants was not capable of rescuing cells from apoptosis. Interestingly treatment of cells with 8 M TBB resulted in a reduction of CK2 activity as was evident by the loss of CK2␤ autophosphorylation but no induction of apoptosis.
The potency of TBBz and DMAT in inducing a CK2-independent apoptosis, even at low drug concentrations, raises the possibility of off-target drug effects and cytotoxicity. In this respect, evidence presented here suggests that the death associated with TBBz and DMAT may not be attributed solely to the inhibition of CK2 but rather the inhibition of other ATP-binding proteins that are essential for cell viability.
Identification of Novel Inhibitor Interactors: Evidence for
Off-target Effects
Confirmation of CK2 as a Bona Fide Target of TBB and Its
Derivatives-To validate CK2 as an inhibitor target, a chemoproteomics strategy was used. Accordingly a proteomics approach using ATP-Sepharose affinity chromatography was performed to test the specificity of TBB, TBBz, and DMAT for CK2. An inhibitor competition assay was performed, consisting of preincubation of HeLa S3 cell lysates with DMSO or 100 M TBB, DMAT, or TBBz followed by the addition of ATPSepharose beads. If the inhibitor interacted with an ATPbinding protein with strong affinity it would prevent that protein from binding to the ATP-Sepharose. To test whether CK2 was a bona fide target of TBB, DMAT, or TBBz among all cellular ATP-binding proteins, a comparative analysis of the proteins bound to the ATP-Sepharose beads following inhibitor treatment was performed via Western blot analysis for CK2␣ and CK2␣Ј (Fig. 5A) . Incubation of HeLa cell lysates with 100 M TBB, DMAT, or TBBz prevented CK2␣ and CK2␣Ј from binding to the ATP-Sepharose relative to the control DMSO levels. Interestingly the reduction in CK2␣Ј immunoreactivity observed in the presence of 100 M TBBz could be restored to control levels by reducing the inhibitor concentration to 1 M, indicating a concentration-dependent competition (supplemental material). HSP90 was used as a loading control, which was unaffected by the inhibitor competition   FIG. 3 . Using inhibitor-resistant CK2 mutants to test drug specificity. Rescue of CK2␤ autophosphorylation following treatment with CK2 inhibitors using inhibitor-resistant CK2 mutants was demonstrated in HeLa cells co-transfected with CK2␣-HA or CK2␣R-HA in addition to myc-CK2␤6KR (Myc␤) and EGFP-C2 at a transfection efficiency of Ͼ80%. Cells were treated with DMSO or 8 M TBBz, DMAT, or TBB for 18 h. CK2␣-HA and CK2␣R-HA were immunoprecipitated from lysates and run on a 12% SDS-polyacrylamide gel followed by transfer to a PVDF membrane. A decrease in the formation of tetrameric complexes as well as complexed Myc␤-P i in the presence of TBBz, DMAT, and TBB was indicated by the reduction of the 32.5-kDa Myc␤-P i band and the 50-kDa CK2␣-HA band as shown via Western blot analysis by probing membranes with anti-Myc 9E10 and anti-HA 3F10 antibodies compared with the control DMSO. The rescue of the formation of CK2 tetrameric complexes and loss of Myc␤-P i in the presence of the inhibitors was demonstrated by restoring the 50-kDa CK2␣-HA and the 32.5-kDa Myc␤-P i bands back to DMSO levels. The levels of Myc␤-P i in cells prior to immunoprecipitations are shown by Western blot analysis as a control.
assay. Taken together, CK2␣ and CK2␣Ј were found to interact with TBB, DMAT, and TBBz among all other ATP-binding proteins, further validating CK2 as a bona fide target of TBB and its derivatives. proach. The inhibitor competition assay, as described earlier, was used in combination with 2D gel electrophoresis and mass spectrometry to identify potential drug off-targets. A comparison of the proteins bound to the ATPSepharose beads was performed utilizing 2D gel electrophoresis, and the protein patterns were analyzed using 2D Phoretix software. A number of putative inhibitor drug targets were identified by mass spectrometry as being present on the DMSO control gels and absent on the CK2 inhibitortreated gels (spots 1-3) (Fig. 5B) , including caseinolytic peptidase B (HSP78), multifunctional protein ADE2, and the detoxifying protein quinone reductase 2 (QR2) (supplemental Tables 1 and 2 ). QR2 (spot 3) was identified as being present in the DMSO-and TBB-treated gels but not in the TBBz-and DMAT-treated gels (Fig. 6A) . This suggests that an inhibitor competition occurred, providing evidence for a novel TBBz and DMAT drug target. The spot intensity values were analyzed by ANOVA to determine statistical significant differences (p ϭ 0.003), and treatment means were compared using a t test (Fig. 6B) . Spot 3 (QR2) from the DMSO and TBB gels was subjected to MALDI MS analysis, which produced a prominent peak with a m/z value of 1986.10 ( Fig. 6C) . MALDI MS/MS was carried out on the 1986.10 peptide to obtain protein sequence data (Fig. 6D) . The tryp- FIG. 5 . Exploiting an unbiased chemoproteomics approach to identify CK2 inhibitor interactions. A, CK2␣ and CK2␣Ј were shown to be targets of TBB, TBBz, and DMAT. HeLa S3 cells were harvested in buffer A (see "Materials and Methods") and incubated with DMSO or 100 M TBBz, DMAT or TBB. An inhibitor competition assay was then performed followed by Western blot analysis by probing blots with anti-CK2␣Ј, anti-CK2␣, and anti-HSP90 antibodies. The decrease in the 48-kDa CK2␣ band and 38 kDa CK2␣Ј band upon inhibitor treatment indicated a competition for ATP binding, suggesting that TBBz, TBB, and DMAT all interacted with CK2 compared with the DMSO control. B, a number of spot changes were observed upon CK2 inhibitor treatment, indicating a number of putative CK2-inhibitor interactions. HeLa S3 cells were harvested in buffer A (see "Materials and Methods") and incubated with 100 M DMSO, TBBz, DMAT, or TBB. An inhibitor competition assay was then performed by the addition of ATP-Sepharose beads to preinhibitor-treated lysates. Following extensive bead washes, proteins were isolated and analyzed by 2D gel electrophoresis. 2D gels were then stained with SYPRO Ruby and analyzed for spot differences with Phoretix 2D Evolution software. Enlarged sections from representative 2D gels from DMSO-, TBB-, TBBz-, and DMAT-treated lysates illustrate differences in spot patterns. The presence of protein spots on the DMSO gels and not on the inhibitor gels were compared, and putative inhibitor interactions were identified and labeled as spots 1-3 on gels. Proteins identified as corresponding to inhibitor-dependent spot changes are listed in Table I. sin peptide fragments were analyzed by MASCOT, and QR2 (molecular mass, 25.6 kDa; pI 5.88) was identified with a sequence coverage of 46% (Fig. 6E) . The use of a chemoproteomics strategy to identify TBB, TBBz, and DMAT protein targets revealed that CK2 is a target for the inhibitors; however, discovery of novel metabolic targets that interact strongly with TBBz and DMAT raises the issue of the specificity of these CK2 inhibitors.
Identification of Novel TBBz and DMAT Off-targets-Fol-
DISCUSSION
The role of CK2 in the progression of tumorigenesis has become increasingly evident as the dysregulation of a number of pathways has been attributed to abnormally high levels of CK2 activity. Consequently preclinical studies investigating CK2 as a molecular therapeutic target have been ongoing, resulting in the development of various ATP-competitive inhibitors including the structurally related compounds TBB, TBBz, and DMAT (Fig. 1) . However, the molecular mechanism by which these chemicals function in cells has not been systematically explored.
An unbiased characterization of available CK2 inhibitors was undertaken to investigate CK2 as a pharmacological anticancer target as well as to explore the potential of the inhibitors to study CK2 function. The inhibitors displayed varying abilities to induce apoptosis in cells suggesting a distinct mechanism of action. Validation of the ability of the inhibitor to reduce CK2 activity in cells was demonstrated by the loss of autophosphorylation of CK2␤ by CK2␣/␣Ј that was then restored in cells expressing inhibitor-resistant CK2 mutants. Rescue experiments addressing inhibitor specificity were carried out and determined that the apoptosis observed following DMAT and TBBz treatment could not be rescued by reintroduction of functional CK2. To validate CK2 as an inhibitor target, a chemoproteomics approach was carried out that determined that CK2␣ and CK2␣Ј were indeed TBB, TBBz, and DMAT targets. Significantly a number of putative offtarget drug interactions were identified, including a novel TBBz and DMAT target, QR2. The discovery of QR2 as a putative CK2 inhibitor drug target provides possible explanations for the toxic effects associated with the inhibitors as well as raises the prospect of a new therapeutic potential for TBBz and DMAT in other diseases. The unbiased evaluation of CK2 inhibitors provides evidence that TBBz and DMAT have potential off-target effects; however, due to the prominent role of CK2 in tumorigenesis, inhibition of this kinase remains a promising anticancer therapeutic avenue.
The classical method for addressing kinase inhibitor specificity has been the use of panel screens in which a number of kinases from different families are tested for an inhibitory effect (3). The limitation to this strategy has become evident as the screens are not comprehensive and fail to consider the presence of other ATP-binding proteins, including key metabolic and regulatory proteins. The chemoproteomics approach comprises an unbiased identification of drug-binding proteins through ATP affinity purification in conjunction with proteomics and mass spectrometry (33) . A chemoproteomics approach revealed that the CK2 inhibitors prevented CK2␣ and CK2␣Ј from binding to ATP-Sepharose in a concentrationdependent manner, reiterating that CK2 was a target of TBB, TBBz, and DMAT. Significantly the observation that 1 M TBBz was not a sufficient concentration to inhibit CK2␣Ј from binding to the ATP-Sepharose but was, however, an adequate concentration to induce apoptosis in HeLa cells suggested that the apoptosis was not due to the inhibition of CK2. Therefore, further analysis was performed to identify off-target protein-inhibitor interactions that could provide an explanation for the inability of inhibitor-resistant CK2 mutants to rescue the apoptosis associated with TBBz and DMAT. An analysis of the ATP-binding proteins treated with CK2 inhibitors revealed a number of interesting proteins involved in cell survival, metabolism, and drug detoxification (Table I) .
Competition of QR2 from binding to ATP-Sepharose was observed with TBBz and DMAT but not TBB, indicating drug target differences between inhibitor derivatives. QR2 has a role in the detoxification processes of quinones, specifically the two-electron reduction of menadione by the oxidation of N-alkylated or N-ribosylated nicotinamides (34) . Knock-out models of QR2 in mice result in an increased susceptibility to polycyclic aromatic hydrocarbon-induced skin carcinogenesis, whereas inhibition of QR2 using quinacrine resulted in death of malaria-infected red blood cells by altering the redox status of the cell (33, 35) . Recently a role for QR2 in the tumor necrosis factor apoptotic signaling pathway has emerged in which QR2-deficient keratinocytes were shown to have suppressed survival signals and increased tumor necrosis factorinduced apoptosis (36) . Intriguingly other studies investigating the mechanism of action of Abelson protein tyrosine kinase and protein kinase C kinase inhibitors demonstrated QR2 as a nonkinase novel drug target, suggesting a potential role for QR2 in the drug metabolism (37) (38) (39) . In the present study, the discovery of QR2 as a novel TBBz and DMAT drug target provides opportunities to further explore the mechanism by which cell viability is affected following treatment with CK2 inhibitors. Interestingly quercetin, a flavanoid and known inhibitor of CK2 with an IC 50 ϭ 0.55 M, has also been described as a potent competitive inhibitor of QR2 with a K i of 0.021 M (40, 41). The crystal structure of QR2 with the inhibitor resveratrol has been solved and showed that the active binding site was composed of a very hydrophobic cavity favoring the binding of flat planar conformations (40) . The hydrophobic cavity of QR2 could facilitate the binding of CK2 inhibitors that were designed to maximize hydrophobic interactions with the large bulky side chains within the CK2 ATP binding pocket. The evolution of TBB to generate higher affinity inhibitors for CK2 resulted in an imidazole ring substitution as well as the addition of bulky constituents to facilitate the interaction with the hydrophobic pocket of CK2 (19) . One could envisage the strong hydrophobic binding properties and planar structure of TBBz and DMAT binding into the QR2 hydrophobic cavity, potentially altering or inhibiting its ability to function. Previous studies have shown that QR2 has the potential to activate CB1954 prodrug into a highly toxic DNAdamaging agent, indicating the possibility that TBBz and DMAT could be modified (42) . The inability of TBB to bind to QR2 offers an explanation as to why TBBz and DMAT are more potent at inducing apoptosis. TBBz and DMAT could bind to QR2 and either inhibit the function of the protein leading to alterations in redox levels or could potentially be modified by QR2 into more cytotoxic compounds facilitating an off-target response. However, further inhibitory studies are required to test the efficacy of TBBz and DMAT to inhibit QR2 in vitro as well as in vivo. It will be of interest to determine the efficiency of TBBz and DMAT to inhibit QR2 as they might prove useful in the study of other diseases such as malaria.
The use of the inhibitors to study the role of CK2 in physiological processes will require caution and the use of rescue experiments to validate the CK2-dependent phenotypes. The identification of a number of putative metabolic off-targets provides evidence that the study of ATP-competitive inhibitors such as CK2 inhibitors will require vigorous testing to validate the specificity of the inhibitors in cells. Further the relative abundance of the proposed drug target within various cells will also be essential in determining the specificity of inhibitors. Other cellular targets that are less sensitive to the inhibitors may be affected or inhibited by the drugs due to higher abundance than that of the proposed target. Therefore, other strategies to inhibit CK2 may be required to maximize selectivity, including identifying compounds that inhibit CK2 via allosteric interaction, independent of the ATP-binding site. The production of peptide inhibitors specific for CK2 has been a promising avenue of research as a number of groups have successfully developed and characterized the inhibition of CK2 in cells. Inhibition of CK2 using a CK2-specific peptide resulted in the reduction of CK2 activity and of tumor growth in a mouse model, reiterating CK2 as a promising drug target (43) .
